Introduction {#sec1}
============

Antisense oligonucleotides with phosphorothioate backbones (PS-ASOs) are used as biological tools and therapeutic agents.[@bib1] PS-ASOs mediate sequence-specific RNA cleavage by RNase H1.[@bib1] To enhance pharmacological properties, PS-ASOs are usually designed as chimeric "gapmers" with deoxyribonucleotide in the middle flanked by five 2′-O-methoxyethyl (MOE) modified ribonucleotide residues on both sides.[@bib1] The PS backbone significantly increases protein binding compared to the phosphodiester (PO) backbone.[@bib1] Protein binding of PS-ASOs can mediate their cellular uptake by receptor or cell-surface proteins through endocytotic pathways.[@bib2], [@bib3] This so-called "free uptake" route of cellular entry can result in RNase H1-mediated cleavage of target RNAs in both cytoplasm and nucleus.[@bib4] The mechanism of PS-ASO entry depends on the type of cell-surface protein bound and varies in different cell types[@bib3] and influences the pharmacological activity.[@bib5], [@bib6]

PS-ASOs are transported intracellularly mainly through endocytic pathways from early endosomes to late endosomes or lysosomes.[@bib7] Internalized PS-ASOs accumulate in late endosomes or lysosomes, and a small fraction is released to the cytosol and/or nucleus, contributing to target reduction.[@bib8] We and others have found that the pharmacological effects of PS-ASOs occur after they traffic to late endosomes and increase over time.[@bib9], [@bib10] This observation suggests that a productive PS-ASO release stems from low levels of continuous leakage from late endosomes.[@bib9], [@bib10]

Different mechanisms have been proposed for PS-ASO escape from late endosomes.[@bib11], [@bib12] Endosomal pH and mobility have significant impacts on endosomal escape.[@bib13] Changes in endosomal pH are believed to cause the swelling and rupture of the endosomal membranes to release endosomal contents into the cytoplasm.[@bib14] Endosomal mobility may generate shear stress on the vesicle membranes and result in a destabilization of the endosomal membranes. Greater endosomal mobility may even result in collisions with other cell organelles that result in endosomal bursting.[@bib11] In addition, membrane fusion events that constantly and actively drive vesicle budding and fusion during the trafficking processes could impact membrane leakiness.[@bib15] Finally, endosomal membrane lipid compositions directly affect membrane fusion properties and endosomal substance release.[@bib16] Lipid compositions influence the temporal stability of the membranes during the fusion events, and transient formation of non-bilayer lipid domains with increased permeability may allow PS-ASO release.[@bib17]

We previously showed that a unique endosomal phospholipid, lysobisphosphatidic acid (LBPA), is required for PS-ASO release from late endosomes.[@bib9] Here, we evaluated the effects of other lipid species on PS-ASO intracellular trafficking and activities. We found that among tested lipid species, free fatty acids, ceramide, and cholesterol increased PS-ASO activities. These lipids did not alter PS-ASO internalization or intracellular trafficking processes significantly; however, all increased late endosome membrane leakiness. Thus, these exogenous lipids appeared to temporally or spatially destabilize the membranes, especially endosomal membranes, to potentiate the release process of PS-ASOs from late endosomes.

Results {#sec2}
=======

Free Fatty Acids Increase PS-ASO Activities {#sec2.1}
-------------------------------------------

Lipids are the building blocks of vesicles in which PS-ASOs are transported along endocytic pathways through free uptake.[@bib3], [@bib12] PS-ASOs must traverse endosomal lipid bilayers before they enter the cytoplasm or nucleus to reach target RNAs.[@bib1] In an effort to better understand release pathways and to improve PS-ASO potency through free uptake, we evaluated the effects of different lipid species on PS-ASO activity. We hypothesized that changes in membrane dynamics resulting from alterations in cellular lipid composition would impact leakiness of the endosomal membranes, thus enhancing PS-ASO intracellular release.

Free fatty acids were previously found to increase potency of fluoroarabino nucleic acid oligonucleotides.[@bib18], [@bib19] To test how free fatty acids affect PS-ASO activities, A431 cells were pretreated with palmitic acid or oleic acid at concentrations up to 200 μM for 6 hr and then treated with either *Drosha*- or *Malat1*-specific PS-ASOs (IONIS IDs 25690 and 395254, respectively). No increase in cell death was observed due to free fatty acid treatment (data not shown). Both fatty acids modestly but statistically significantly increased activities of the PS-ASOs at all concentrations tested as determined by qRT-PCR analysis for target reduction ([Figures 1](#fig1){ref-type="fig"}A and 1B). To determine whether increased PS-ASO activities were due to elevated levels of uptake in cells treated with free fatty acids, we measured levels of uptake of Cy3-labeled PS-ASO (IONIS ID 446654) by flow cytometry. Cells were pretreated with free fatty acids for 6 hr and subsequently treated with Cy3-labeled PS-ASO at a range of concentrations. Uptake of PS-ASO increased in a concentration-dependent manner but pretreatment with free fatty acids did not significantly change levels of PS-ASO uptake ([Figures 1](#fig1){ref-type="fig"}C and 1D). These observations suggest that free fatty acids most likely affect PS-ASO intracellular trafficking and/or release, not cellular uptake.Figure 1Free Fatty Acids Increase PS-ASO Activity(A and B) A431 cells were pretreated with indicated concentrations of (A) palmitic acid or (B) oleic acid for 6 hr and were then treated with PS-ASOs targeting *Drosha* or *Malat1* for 16 hr without the removal of fatty acids. The levels of *Drosha* and *Malat1* were determined by qRT-PCR. Percent expression relative to non-PS-ASO-treated control is plotted. The error bars represent SDs from three independent experiments. p \< 0.01 for 100 μM versus 0 μM (blue); p \< 0.01 for 200 μM versus 0 μM (red). p values were computed by two-way ANOVA using Prism. (C and D) A431 cells were pretreated with (C) 200 μM palmitic acid (PA) or (D) 200 μM oleic acid (OA) for 6 hr or were not treated (control). Intracellular fluorescence of Cy3-PS-ASO (IONIS ID 446654) was quantified by flow cytometry at 2 hr. Relative fluorescence units (RFUs), indicative of uptake, are plotted versus PS-ASO concentration. (E and F) A431 cells were treated with indicated concentrations of PS-ASOs targeting *Drosha* or *Malat1* for 4 hr, followed by replacement with medium without PS-ASOs but containing (E) 200 μM palmitic acid or (F) 200 μM oleic acid. After 20 hr, the levels of *Drosha* and *Malat1* were determined by qRT-PCR. Percent expression relative to non-PS-ASO-treated control is plotted. The error bars represent SDs from three independent experiments. p \< 0.01 for 100 μM versus 0 μM (blue); p \< 0.01 for 200 μM versus 0 μM (red). p values were computed by two-way ANOVA using Prism.

To further confirm this observation, we tested effects of free fatty acids in an experimental setting in which PS-ASOs were incubated with cells and then were removed before fatty acids were applied to cells. Cells were pulsed with either *Drosha*- or *Malat1*-specific PS-ASOs for 4 hr followed by the replacement with fresh media with or without free fatty acids. Cells were collected for activity assays 20 hr after free fatty acid treatment. Both PS-ASO activities were higher with than without free fatty acid treatment ([Figures 1](#fig1){ref-type="fig"}E and 1F). Similar increase in PS-ASO activity was also observed in HeLa and HEK cells upon palmitic acid treatment ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B).

Fatty acids such as palmitoleic acid, stearic acid, heptadecylic acid, and nonadecylic acid also enhanced PS-ASO activities when cells were pretreated with PS-ASOs for 4 hr and then treated with fatty acids ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Palmitic acid treatment for 16 hr decreased uptake of PS-ASO ([Figure S1](#mmc1){ref-type="supplementary-material"}D) but did not influence membrane fusion events measured by internalization rates of fluorescent lipid analog N-(lissamine rhodamine B sulfonyl)-phosphatidylethanolamine (N-Rh-PE) ([Figure S1](#mmc1){ref-type="supplementary-material"}E).[@bib20] Together, these observations exclude the possibility that free fatty acids increase PS-ASO activities by increasing uptake of PS-ASOs and support our hypothesis that free fatty acids promote PS-ASO intracellular release from endosomes.

Free Fatty Acids Do Not Alter PS-ASO Intracellular Trafficking Processes {#sec2.2}
------------------------------------------------------------------------

Free fatty acids are known to induce lipid-droplet formation.[@bib21] In A431 cells, we monitored lipid-droplet formation over time during treatment with free fatty acids. Lipid droplets, stained with Bodipy,[@bib22] began to accumulate as early as 4 hr after addition of fatty acids and increased significantly over time ([Figure S2](#mmc1){ref-type="supplementary-material"}). The immediate formation of lipid droplets represents a rapid change in cellular lipid composition upon treatment of free fatty acids that could, in turn, promote the release of PS-ASO from endosomes in cells.

We therefore analyzed the localization of PS-ASOs in the presence of palmitic acid. A431 cells were pretreated with palmitic acid for 6 hr and then treated with Cy3-labeled PS-ASO (IONIS ID 446654) for 2 hr. PS-ASOs were detected in punctate structures, likely endosomes, and did not co-localize with lipid droplets ([Figure 2](#fig2){ref-type="fig"}A). This observation suggests that free fatty acids did not change the final destination of PS-ASOs in the endosomes upon induced formation of lipid droplets inside cells.Figure 2Free Fatty Acids Do Not Affect PS-ASO Trafficking(A) Representative immunofluorescence images of cells treated with 200 μM palmitic acid (PA) or not (control) for 6 hr prior to incubation with 2 μM Cy3-PS-ASO (IONIS ID 446654) for 2 hr. Cells were stained for lipid droplets (green) and PS-ASOs (red). Nuclei were stained with DAPI (blue). Merged images show possible co-localization sites. Scale bars, 2 μm. (B and C) Representative immunofluorescence images of cells pretreated with 200 μM palmitic acid for 6 hr and then incubated with 2 μM Cy3-PS-ASOs (IONIS ID 446654) for 2 hr before staining for (B) EEA1 (green) or (C) LBPA (green) and LAMP1 (green) and PS-ASO (red). Nuclei were stained with DAPI (blue). Merged images show possible co-localization sites. Scale bars, 2 μm. The PS-ASO-positive early endosomes or late endosomes were counted in 30 cells, and the percentage of the PS-ASO-positive early endosomes or late endosomes was calculated relative to the total numbers of the PS-ASO-positive organelles.

We previously showed that PS-ASOs are transported from early endosomes to late endosomes after internalization.[@bib23] We monitored PS-ASO trafficking in A431 cells pretreated with palmitic acid for 6 hr followed by incubation with Cy3-labeled PS-ASO (IONIS ID 446654) for another 2 hr. Cells were stained for EEA1, a marker of early endosomes, and LAMP1, a marker of late endosomes or lysosomes. At 2 hr, PS-ASOs exited from early endosomes and co-localized with LAMP1 ([Figure 2](#fig2){ref-type="fig"}B). Quantification of the co-localization between early endosomes and PS-ASOs or late endosomes and PS-ASOs showed that palmitic acid did not delay or accelerate this process ([Figure 2](#fig2){ref-type="fig"}B). This observation indicates that free fatty acids did not significantly alter PS-ASO intracellular trafficking processes.

As LBPA is important for endosomal membrane fusion events,[@bib9] we also tested whether free fatty acids changed LBPA abundance in late endosomes. Cells, pretreated with palmitic acid and incubated with Cy3-labeled PS-ASO (IONIS ID 446654) as above, were stained for LBPA and LAMP1. At 2 hr, PS-ASOs were co-localized with LBPA and LAMP1 in late endosomes. Palmitic acid changed neither the staining pattern of LBPA nor the co-localization pattern between PS-ASOs and LBPA in late endosomes ([Figure 2](#fig2){ref-type="fig"}C). Thus, free fatty acids increase PS-ASO activity without substantially altering endocytic pathways or PS-ASO intracellular trafficking.

Ceramide Increases PS-ASO Activity {#sec2.3}
----------------------------------

Free fatty acids contribute to ceramide synthesis.[@bib24] Ceramide is important in intra-endosomal membrane transport[@bib25] and intra-endosomal trafficking is important for PS-ASO release from late endosomes. The enhancement of PS-ASO activity in the presence of free fatty acids could be caused by changes in ceramide levels in late endosome membranes. We therefore tested whether ceramide increased PS-ASO activity. A431 cells were pretreated with C~6~ ceramide at concentrations up to 10 μM for 6 hr and subsequently treated with either *Drosha*- or *Malat1*-specific PS-ASOs. No increase in cell death was detected due to ceramide treatment (data not shown). Ceramide increased activities of both *Drosha* or *Malat1* PS-ASOs with maximal effect at 10 μM ([Figure 3](#fig3){ref-type="fig"}A). Thus, our results show that ceramide increases PS-ASO activities, similar to the effects of free fatty acids.Figure 3Ceramide Increases PS-ASO Activity(A) A431 cells were pretreated with different concentrations of ceramide for 6 hr, followed by incubation with PS-ASOs targeting *Drosha* or *Malat1* for 16 hr without the removal of ceramide. The levels of *Drosha* and *Malat1* RNAs were determined by qRT-PCR. Percent expression relative to non-PS-ASO treated control is plotted. The error bars represent SDs from three independent experiments. p \< 0.01 for 5 μM versus 0 μM (blue); p \< 0.01 for 10 μM versus 0 μM (red). p values were computed by two-way ANOVA using Prism. (B) A431 cells were pretreated with 10 μM ceramide for 6 hr. Intracellular fluorescence of Cy3-PS-ASO (IONIS ID 446654) was quantified by flow cytometry at 2 hr. RFU, indicative of uptake, is plotted versus PS-ASO concentration. (C) A431 cells were treated with PS-ASOs targeting *Drosha* or *Malat1* for 4 hr, and medium was replaced with medium without PS-ASOs but containing ceramide. After 20 hr, the levels of *Drosha* and *Malat1* RNAs were determined by qRT-PCR. Percent expression relative to non-PS-ASO-treated control is plotted. The error bars represent SDs from three independent experiments. p \< 0.01 for 10 μM versus 0 μM (red). p values were computed by two-way ANOVA using Prism.

We also measured Cy3-labeled PS-ASO uptake by flow cytometry in cells pretreated with ceramide for 6 hr. Pretreatment with ceramide did not significantly change levels of PS-ASO uptake ([Figure 3](#fig3){ref-type="fig"}B). Treatment with ceramide for 16 hr slightly decreased uptake of PS-ASOs ([Figure S3](#mmc1){ref-type="supplementary-material"}A) and increased membrane fusion events as measured by analysis of N-Rh-PE uptake ([Figure S3](#mmc1){ref-type="supplementary-material"}B). These observations suggest that ceramide treatment of cells does not increase PS-ASO cellular uptake but does increase membrane fusion rates.

We further tested the effects of ceramide on PS-ASO release from endosomes. Cells were incubated with *Drosha*- or *Malat1*-specific PS-ASOs for 4 hr. Medium was removed and replaced with medium with or without ceramide. PS-ASO activity was evaluated after 20 hr of ceramide treatment. Ceramide treatment enhanced PS-ASO activity with maximal effect at 10 μM ([Figure 3](#fig3){ref-type="fig"}C). Increase in PS-ASO activity was also observed in HeLa and HEK cells upon ceramide treatment ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D). These observations suggest that it promotes PS-ASO release from endosomes.

Ceramide Does Not Alter PS-ASO Intracellular Trafficking {#sec2.4}
--------------------------------------------------------

Unlike free fatty acids, ceramide did not stimulate lipid droplet formation significantly but did enhance PS-ASO activities ([Figure 4](#fig4){ref-type="fig"}A). We therefore examined the effects of ceramide on PS-ASO intracellular trafficking. A431 cells were pretreated with ceramide for 6 hr, incubated with Cy3-labeled PS-ASO (IONIS ID 446654), and stained with EEA1, LAMP1, and LBPA. After 2 hr, PS-ASOs were mainly co-localized with LAMP1, indicative of trafficking through early endosomes with and without ceramide pretreatment ([Figure 4](#fig4){ref-type="fig"}B). Quantification of the co-localization between early endosomes and PS-ASOs or late endosomes and PS-ASOs showed that ceramide did not alter the trafficking kinetics of PS-ASOs to late endosomes ([Figure 4](#fig4){ref-type="fig"}B). Moreover, ceramide did not change the staining pattern of LBPA in late endosomes ([Figure 4](#fig4){ref-type="fig"}C). Thus, like free fatty acids, ceramide increased PS-ASO activity without altering PS-ASO intracellular trafficking.Figure 4Ceramide Does Not Affect PS-ASO Trafficking(A) Representative immunofluorescence images of cells pretreated with 10 μM ceramide or untreated (control) for 6 hr, incubated with 2 μM Cy3-PS-ASOs (IONIS ID 446654) for 2 hr and stained for lipid droplets (green) and PS-ASOs (red). Nuclei were stained with DAPI (blue). Merged images are also shown. Scale bars, 2 μm. (B and C) Representative immunofluorescence images of cells pretreated with 10 μM ceramide or untreated (control) for 6 hr, incubated with 2 μM Cy3-PS-ASO for 2 hr, and stained for (B) EEA1 (green) or (C) LBPA (green) and LAMP1 (green) and PS-ASO (red). Nuclei were stained with DAPI (blue). Scale bars, 2 μm. The PS-ASO-positive early endosomes or late endosomes were counted in 30 cells, and the percentage of the PS-ASO-positive early endosomes or late endosomes was calculated relative to the total numbers of the PS-ASO-positive organelles.

Cholesterol Increases PS-ASO Activity {#sec2.5}
-------------------------------------

Another lipid species that can regulate vesicular trafficking and signaling is cholesterol.[@bib26] Cholesterol is enriched in the plasma membrane and abundant in endocytic systems.[@bib27], [@bib28] Cholesterol binds other lipids, such as sphingolipids, to form dynamic platforms involved in membrane trafficking, vesicle endocytosis and/or exocytosis, and signal transduction.[@bib29]

To test the effects of cholesterol on PS-ASO uptake, methyl-beta-cyclodextrin (MCD) was used to deplete plasma membranes cholesterol. A431 cells were pretreated with 2 mM MCD for 6 hr before PS-ASO treatment as previously described.[@bib30] Under these conditions, A431 cells survived and cholesterol levels were reduced to 60% of untreated cells (data not shown). After pretreatment of MCD, A431 cells were incubated with either *Drosha*- or *Malat1*-specific PS-ASOs. Treatment with MCD did not substantially change activities of either PS-ASO ([Figure 5](#fig5){ref-type="fig"}A). Surprisingly, MCD did not substantially alter Cy3-PS-ASO uptake ([Figure 5](#fig5){ref-type="fig"}B). Either the PS-ASO uptake pathways are cholesterol independent or the residual cholesterol is sufficient to maintain levels of PS-ASO uptake.Figure 5Cholesterol Increases PS-ASO Activity(A) A431 cells were pretreated with different concentrations of MCD for 6 hr, followed by incubation with PS-ASOs targeting *Drosha* or *Malat1* for 16 hr without the removal of MCD. The levels of *Drosha* and *Malat1* RNAs were determined by qRT-PCR. Percent expression relative to non-PS-ASO treated control is plotted. The error bars represent SDs from three independent experiments. (B) Intracellular fluorescence of Cy3-PS-ASO (IONIS ID 446654) was quantified at 2 hr by flow cytometry in A431 cells pretreated with 2 mM MCD for 6 hr. RFU is plotted versus PS-ASO concentration. (C) A431 cells were pretreated with different concentrations of MCD-complexed cholesterol in the presence of 1 μM Sandoz 58-035 for 6 hr, followed by incubation with PS-ASOs targeting *Drosha* or *Malat1* RNA for 16 hr without the removal of MCD-complexed cholesterol. The levels of *Drosha* and *Malat1* were determined by qRT-PCR. Percent expression relative to non-PS-ASO-treated control is plotted. The error bars represent SDs from three independent experiments; p \< 0.01 for 25 μM versus 0 μM (blue); p \< 0.01 for 50 μM versus 0 μM (red). p values were computed by two-way ANOVA using Prism. (D) Intracellular fluorescence of Cy3-PS-ASO (IONIS ID 446654) was quantified by flow cytometry at 2 hr to determine uptake (RFU) at indicated PS-ASO concentrations in A431 cells pretreated with 50 μM MCD-complexed cholesterol for 6 hr. (E) A431 cells were treated with PS-ASOs targeting *Drosha* or *Malat1* RNA for 4 hr, followed by the replacement of fresh media without PS-ASOs but containing different concentrations of MCD-complexed cholesterol in the presence of 1 μM Sandoz 58-035 for another 20 hr. The levels of *Drosha* and *Malat1* RNAs were determined by qRT-PCR. The error bars represent SDs from three independent experiments. p \< 0.01 25 μM versus 0 μM (blue). p \< 0.01 50 μM versus 0 μM (red) were computed by two-way ANOVA using Prism.

We then evaluated the effect of exogenous cholesterol on PS-ASO activities. A431 cells were pretreated with MCD-complexed cholesterol at different concentrations up to 50 μM in the presence of Sandoz 58-035 to inhibit Acyl-CoA:cholesterol acyltransferase (ACAT). After 6 hr, *Drosha*- or *Malat1*-specific PS-ASO was added. Interestingly, MCD-complexed cholesterol increased activities of both PS-ASOs ([Figure 5](#fig5){ref-type="fig"}C) at all tested concentrations. PS-ASO uptake, measured by flow cytometry, was not changed after cells were pretreated with exogenous MCD-complexed cholesterol for 6 hr ([Figure 5](#fig5){ref-type="fig"}D). However, treatment of cells for 16 hr with MCD-complexed cholesterol significantly decreased uptake of Cy3-PS-ASO ([Figure S4](#mmc1){ref-type="supplementary-material"}A), but little change was observed in membrane fusion events ([Figure S4](#mmc1){ref-type="supplementary-material"}B). These observations indicate that only prolonged exposure to free cholesterol is sufficient to interfere the uptake process of PS-ASOs. Nevertheless, as free cholesterol did not increase PS-ASO uptake in general, the increased activities of PS-ASOs were not caused by increased PS-ASO uptake upon pre-treatment of free cholesterol.

We also tested effects of cholesterol on PS-ASO release from endosomes. Cells were treated with either *Drosha*- or *Malat1*-specific PS-ASOs for 4 hr, and after the PS-ASO was removed, the cells were treated with MCD-complexed cholesterol. Activities of both PS-ASOs were increased upon cholesterol treatment with maximal effect at 50 μM ([Figure 5](#fig5){ref-type="fig"}E). Similar increase in PS-ASO activity was observed in HeLa and HEK cells upon MCD-complexed cholesterol treatment ([Figures S4](#mmc1){ref-type="supplementary-material"}C and S4D). Thus, cholesterol also increases PS-ASO activity by promoting endosomal release of PS-ASOs.

Cholesterol Does Not Alter PS-ASO Intracellular Trafficking {#sec2.6}
-----------------------------------------------------------

As cholesterol-enriched microdomains are important for vesicle endocytosis and exocytosis, we tested whether exogenous cholesterol altered PS-ASO trafficking. First, in the presence of Sandoz 58-035, which inhibits ACAT, exogenous cholesterol did not induce lipid-droplet formation ([Figure 6](#fig6){ref-type="fig"}A). Second, we stained EEA1 and LAMP1 in A431 cells pretreated with exogenous cholesterol for 6 hr and then incubated with Cy3-labeled PS-ASOs (IONIS ID 446654) for 2 hr ([Figure 6](#fig6){ref-type="fig"}B). Exogenous cholesterol did not change the morphology of early endosomes but increased the size of late endosomes. In cells treated with cholesterol, late endosomes had open interior spaces and LAMP1 was observed in outer membranes. Despite the morphologic changes in late endosomes in cells treated with cholesterol, PS-ASOs trafficked to late endosomes within 2 hr as usual ([Figure 6](#fig6){ref-type="fig"}B). Quantification of the co-localization between early endosomes and PS-ASOs or late endosomes and PS-ASOs showed that cholesterol did not significantly delay PS-ASO trafficking to late endosomes ([Figure 6](#fig6){ref-type="fig"}B). LBPA was co-localized with PS-ASOs inside late endosomes stained with LAMP1 in the cells treated with cholesterol ([Figure 6](#fig6){ref-type="fig"}C). These results are consistent with our previous observation that PS-ASOs and LBPA are co-localized inside late endosomes as punctate structures, likely intraluminal vesicles (ILVs).[@bib9] These results indicate that cholesterol did not interfere with sorting of PS-ASOs into ILVs after they traffic to late endosomes from early endosomes.Figure 6Cholesterol Increases the Sizes of Late Endosomes but Does Not Affect PS-ASO Trafficking(A) Representative immunofluorescence images of indicated cells stained for lipid droplets and PS-ASOs. Images of PS-ASOs (red) and lipid droplets (green) were merged to show the co-localization. Cells were pretreated with 50 μM MCD-complexed cholesterol in the presence of 1 μM Sandoz 58-035 for 6 hr before they were incubated with 2 μM Cy3-PS-ASO (IONIS ID 446654) for 2 hr prior to staining. Nuclei were stained with DAPI (blue). Scale bars, 2 μm. (B and C) Representative immunofluorescence images of indicated cells stained for EEA1, LBPA, LAMP1, and PS-ASOs. Images of PS-ASO (red) and EEA1 (green, B), LBPA (green, C), LAMP1 (green, B and C) were merged to show the co-localization. Cells were pretreated with 50 μM MCD-complexed cholesterol in the presence of 1 μM Sandoz 58-035 for 6 hr before they were incubated with 2 μM Cy3-PS-ASO (IONIS ID 446654) for 2 hr prior to staining. Nuclei were stained with DAPI (blue). Scale bars, 2 μm. The PS-ASO-positive early endosomes or late endosomes were counted in 30 cells, and the percentage of the PS-ASO-positive early endosomes or late endosomes was calculated relative to the total numbers of the PS-ASO-positive organelles.

Free Fatty Acids, Ceramide, and Cholesterol Increase the Leakiness of Endosomes {#sec2.7}
-------------------------------------------------------------------------------

Lipids increased PS-ASO activities even when applied to cells after PS-ASO treatment. To analyze incorporation of those lipids into cellular organelles, we incubated cells with Bodipy-C~16~, NBD-cholesterol, or NBD-ceramide and evaluated fluorescence over time. We observed fluorescent signals in cells treated with all lipids as early as 4 hr after lipid addition ([Figure S5](#mmc1){ref-type="supplementary-material"}A), indicating that the intracellular changes of membrane structures caused by these lipid species could occur before or during the PS-ASO release process to improve PS-ASO activities through free uptake.

Free fatty acids, ceramide, and cholesterol can trigger signaling pathways and regulate different extracellular responses.[@bib15], [@bib31] As epidermal growth factor receptor (EGFR) was shown to mediate productive uptake of PS-ASOs in A431 cells,[@bib6] we tested whether any of these lipid species enhanced EGFR signaling or internalization in A431 cells. A431 cells were pretreated with lipid for 6 hr and then were treated with epidermal growth factor (EGF). Downstream signaling of EGFR, manifested by phosphorylation of EGFR or extracellular signal-regulated kinase (ERK), was monitored by western blot. EGFR and ERK phosphorylation levels were modestly decreased in cells treated with free fatty acids, ceramide, and cholesterol ([Figure 7](#fig7){ref-type="fig"}A). This observation indicates that lipids did not increase PS-ASO activities by facilitating EGFR-mediated internalization. RNase H1 was also detected, and lipid treatment did not appear to affect RNase H1 levels, indicating that increased activities of PS-ASOs are not due to increased RNase H1 levels ([Figure 7](#fig7){ref-type="fig"}A).Figure 7Lipids Do Not Significantly Change EGFR Cell Signaling Pathways but Increase the Leakiness of Endosomes(A) Western analyses for phosphorylated EGFR (P-EGFR), phosphorylated ERK (P-ERK), total EGFR (T-EGFR), total ERK (T-ERK), and RNase H1 from lysates of cells that were pretreated with 200 μM palmitic acid (PA), 50 μM MCD-complexed cholesterol (Cho), or 10 μM ceramide (Cer) for 6 hr and then incubated with 100 nM EGF for the indicated time. Ezrin served as a loading control. (B) Representative immunofluorescent images of A431 cells treated with 2 μM Cy5-PS-ASO (IONIS ID 851810) and 200 μM palmitic acid (PA), 50 μM MCD-complexed cholesterol (Cho), or 10 μM ceramide (Cer) for 16 hr. Cells were stained for cathepsin substrate (green) and PS-ASOs (red). The nuclei were stained with DAPI (blue). Scale bars, 2 μm.

Endosomal leakiness may result in substance release from late endosomes.[@bib11] Since exogenous lipids enhance PS-ASO release from late endosomes, we assume that those lipids promote endosomal leakage. We tested this hypothesis using the fluorogenic Magic Red cathepsin L assay. Cathepsin L is present in late endosomes and lysosomes.[@bib32] When endosomes are leaky, cathepsin L activity can be detected in the cytosol, and fluorescent signal due to Magic Red is reduced in late endosomes.[@bib32] A431 cells were pretreated with lipid and Cy5-labeled PS-ASOs (IONIS ID 851810) for 16 hr and then stained with Magic Red. In cells not treated with lipid, Magic Red co-localized with Cy5-PS-ASOs in punctate structures that are late endosomes or lysosomes as showed in [Figures 2](#fig2){ref-type="fig"}B, [4](#fig4){ref-type="fig"}B, and [6](#fig6){ref-type="fig"}B. In lipid-treated cells, Magic Red signals were significantly reduced in late endosomes, and cytosols were diffusely fluorescent, although Cy5-PS-ASOs were still enriched in late endosomes ([Figure 7](#fig7){ref-type="fig"}B), suggesting that lipids did not cause general lysosomal lysis. These observations are also consistent with our observations that these lipid species were not toxic under the experimental conditions used. Thus, decreased Magic Red fluorescence in late endosomes coupled with increased fluorescence in the cytosol indicates an increase of endosomal leakiness in cells treated with lipids. The leakiness was most prominent in cells treated with cholesterol ([Figure 7](#fig7){ref-type="fig"}B). Taken together, increased endosomal leakiness could contribute to the increased intracellular release of PS-ASOs from cells treated with those lipids.

Lipid rafts exist as distinct ordered regions of the membranes. To examine whether the integrity of membranes was disturbed by lipid treatment, we stained lipid rafts in A431 cells treated or not with palmitic acid, ceramide, or cholesterol for 16 hr. The stained pattern was mainly enriched in plasma membranes regardless of whether cells were treated with the lipids or not ([Figure S5](#mmc1){ref-type="supplementary-material"}B). This observation indicates that membrane integrity was not significantly affected by lipid treatment at the doses that increased PS-ASO activities. Thus, lipids may destabilize endosomal membranes temporally or spatially to increase PS-ASO release without perturbing the structural integrity of membranes in general.

Discussion {#sec3}
==========

LBPA was previously identified as a lipid required for PS-ASO release from late endosomes.[@bib33] In this study, we demonstrated that other lipid species, such as free fatty acids, ceramide, and cholesterol, could also affect PS-ASO activities. PS-ASOs traffic from early endosomes to late endosomes immediately after their internalization.[@bib23] This kinetics of the endosomal trafficking was not significantly altered by those lipid species, suggesting that increased PS-ASO activity was not due to changed intracellular trafficking pathways. Instead, those lipid species all lead to an increase in membrane leakiness of late endosomes without disrupting membrane structural integrity. Thus, membrane destabilization, induced by exogenous lipids, could lead to increased endosomal leakage, resulting in PS-ASO release from late endosomes.

Interestingly, none of the lipids tested increased PS-ASO uptake, indicating that the increase in PS-ASO activities observed in the presence of exogenous lipids is directly linked to the enhanced release from late endosomes. This observation is consistent with our previous report that the amount of PS-ASO internalized is not directly correlated with PS-ASO activity and that the rate limiting step of PS-ASO-mediated RNA reduction is intracellular release.[@bib9] We previously observed that there is a significant delay from the time that PS-ASOs are internalized to the time that PS-ASOs mediate cleavage of their targets, suggesting that internalization and release of PS-ASOs are separable intracellular processes that can be manipulated individually.[@bib9] In support of this hypothesis, data reported here indicate that lipids influence the release of PS-ASOs from late endosomes.

Certain fatty acids (oleic acid and a variety of ω-6 polyunsaturated fatty acids but not the aliphatic palmitic acid) increase the potency of fluoroarabino nucleic acid oligonucleotides taken into cells through a free uptake mechanism.[@bib18] Interestingly, we found that both oleic acid and palmitic acid increased PS-ASO activities. The different effects of fatty acids could be attributed to differences in internalization processes and in release mechanisms between fluoroarabino nucleic acid oligonucleotides and PS-ASOs. The free uptake of oligonucleotides starts with protein binding at the cell surface.[@bib3] The differences in chemistries between fluoroarabino nucleic acid oligonucleotides and PS-ASOs could determine protein binding profiles, subsequent mechanism of internalization, and, ultimately, the intracellular release of PS-ASOs.[@bib34] Although internalization processes of PS-ASOs are still not fully understood, endosomal leakiness appears to affect the ultimate activity of PS-ASOs. We cannot exclude the possibility that certain lipids could alter internalization pathways.

Fatty acids may increase PS-ASO activity by promoting the production of ceramide, which acts to enhance membrane fusion and fission events.[@bib29] Endosomal membrane fusion is necessary for substance release from late endosomes.[@bib35] For example, the inner and outer membrane fusion events between ILVs and late endosomes, which are mediated by LBPA, significantly promote PS-ASO release from late endosomes.[@bib9] Although ceramide is known to trigger budding of exosome vesicles into late endosomes,[@bib25] it is still not clear how ceramide influences LBPA-mediated PS-ASO release from late endosomes.

Endogenous cholesterol increases lateral ordering of other lipids and decreases fluidity and permeability of membranes.[@bib26] It was a surprising observation that cholesterol treatment increased endosomal leakiness and PS-ASO activity. We speculate that exogenous cholesterol temporarily disorganizes or destabilizes existing membranes, resulting in increased leakiness of endosomal membranes that facilitates PS-ASO release and therefore activity.[@bib28] In addition, both free fatty acids and cholesterol promote autophagy,[@bib36] suggesting that these lipids can trigger membrane movement or re-organization to further influence cellular events such as PS-ASO release from late endosomes. Interestingly, a stronger leakiness of endosomes did not cause the strongest activity increase in cells treated with MCD-cholesterol. Release from late endosomes is a limiting factor for PS-ASO to gain activity through free uptake; however, that may not be the only determinant for PS-ASO activity mediated by RNase H1 cleavage. Although the stronger leakiness of endosomes was observed in cells treated with cholesterol, other determinants for PS-ASO activity may be altered differently in cells treated with different lipids.

PS-ASO release has been proposed to occur via a process mediated by lipid flip-flops in late endosome membranes.[@bib37], [@bib38] It is also possible that the lipids recruit proteins that induce lipid segregation and membrane budding to increase PS-ASO release from late endosomes.[@bib39] One such protein could be ANXA2, which senses lipid packing defects or increased membrane curvature.[@bib23]

The present work reiterates the importance of improving the potency of PS-ASOs through enhancing their productive intracellular release, which will help overcome the bottleneck of oligonucleotide therapeutics. An understanding on the mechanism of productive PS-ASO release will continue to guide the development of modifications or formulations for PS-ASOs that will result in better pharmacological effects. It is conceivable that ASO-lipid interactions can be modified to enhance PS-ASO release by inducing lipid membrane leakiness through engineering PS-ASOs using conjugates.

Materials and Methods {#sec4}
=====================

Chemicals, antibodies, siRNAs, ASOs, and qRT-PCR primer probe sets are listed in the [Supplemental Information](#appsec2){ref-type="sec"}.

Cell Culture, Cell Treatment, and PS-ASO Activity {#sec4.1}
-------------------------------------------------

A431 cells were grown according to the protocols provided by the American Type Culture Collection.[@bib40] Cells were re-seeded at 50% confluency in 96-well plates for activity analysis. Cells were treated with free fatty acids (complexed with BSA), ceramide (dissolved in ethanol), or free cholesterol (complexed with beta-cyclodextrin) before or after they were incubated with PS-ASOs as described in figure legend. Cells were incubated with PS-ASOs for indicated times before they were collected for activity assay.

RNA Preparation and qRT-PCR {#sec4.2}
---------------------------

Total RNA was prepared using an RNeasy mini kit (QIAGEN, Valencia, CA, USA) from cells grown in 96-well plates (around 10,000 cells per well). qRT-PCR using TaqMan primer probe sets was performed essentially as described previously.[@bib33] In brief, approximately 50 ng total RNA in 5 μL water was mixed with 0.3 μL primer probe sets containing forward and reverse primers (10 μM of each) and fluorescently labeled probe (3 μM), 0.3 μL RT enzyme mix (QIAGEN), 4.4 μL RNase-free water, and 10 μL of 2× PCR reaction buffer in a 20 μL reaction. Reverse transcription was performed at 48°C for 10 min; 40 cycles of PCR were conducted at 94°C for 20 s and 60°C for 20 s using the StepOne Plus RT-PCR system (Applied Biosystems). Levels of mRNA were normalized to the amount of total RNA present in each reaction as determined for duplicate RNA samples using the RiboGreen assay (Life Technologies).

Immunofluorescence Staining {#sec4.3}
---------------------------

Cells were fixed with 4% paraformaldehyde for 30 min at room temperature and were permeabilized with 0.05% saponin (Sigma) in PBS for 5 min. Cells were treated with blocking buffer (1 mg/mL BSA in PBS) for 30 min and then incubated with primary antibodies (1:100 to 1:200 depending on antibody in blocking buffer) at room temperature for 2--4 hr, or at 4°C overnight. After three washes using 0.1% Triton in PBS, cells were incubated with fluorescently labeled secondary antibodies (1:200 in blocking buffer) at room temperature for 1--2 hr. After washing, slides were mounted with Prolong Gold anti-fade reagent with DAPI (Life Technologies) and imaged using a confocal microscope (Olympus FV-1000). Images were quantified using software of FV10-ASW 3.0 viewer.

Lipid Droplet, Magic Red MR-(RR)2, and Lipid Raft Staining {#sec4.4}
----------------------------------------------------------

Bodipy 493/503 (Thermo Fisher Scientific) was used at 2 μg/mL to stain neutral lipids in fixed cells. The Vybrant Alexa Fluor 555 Lipid Raft Labeling Kit (Thermo Fisher Scientific) was used to stain lipid rafts in fixed cells according to the manufacturer's protocol. Magic Red substrate 592/628 (Immunochemistry Technologies) was used to measure the leakiness of endosomes in live cells according to manufacturer's protocol. Stained cells were imaged using confocal microscopy (Olympus FV-1000).

Protein Isolation and Western Blotting {#sec4.5}
--------------------------------------

Cells were lysed, and samples were incubated at 4°C for 30 min in RIPA buffer (50 mM Tris-HCl \[pH 7.4\], 1% Triton X-100, 150 mM NaCl, 0.5% sodium deoxycholate, and 0.5 mM EDTA). Proteins were separated by PAGE using 6% to 12% NuPAGE Bis-Tris gradient gels (Life Technologies) and electroblotted onto PVDF membranes using the iBLOT transfer system (Life Technologies). The membranes were blocked with 5% non-fat dry milk in PBS at 4°C for 30 min. Membranes were then incubated with primary antibodies (listed in the [Supplemental Information](#appsec2){ref-type="sec"}) at room temperature for 3 hr. After three washes with PBS, the membranes were incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (1:2,000) at room temperature for 1 hr to develop the image using enhanced chemiluminescence (ECL) reagents (Abcam).

Flow Cytometry {#sec4.6}
--------------

Cy3-labeled PS-ASOs were added to A431 cells after treatment with different lipids. After 3 hr, cells were washed with PBS, trypsinized, and resuspended in PBS supplemented with 3% fetal bovine serum for analysis by flow cytometry using an Attune NxT Flow Cytometer (Thermo Fisher Scientific).
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